Introduction {#sec1}
============

Wild-type p53 protein is critical for cell function and maintaining integrity of the genome, which suppresses cancer in humans and rodents.[@bib1] This reduction in p53 protein, a common feature of a large percentage of human malignancies, results in deficiencies in cell-cycle check-point control and induction of apoptosis.[@bib2] Mutational inactivation of the p53 gene is also detected in more than 50% of human cancers, in which cancer cells are more resistant to current cancer therapies due to lack of p53-mediated apoptosis.[@bib3]

Extensive studies have been conducted to identify small molecules that manipulate p53, including restoration of mutant p53 to wild-type, disruption of murine double minute-2 (Mdm2)-p53 binding to prevent p53 degradation, and an increase in p53 level.[@bib4] However, it is not known whether sustained inhibition of proteasome deubiquitinating activity to prevent p53 ubiquitination degradation is required for tumor regression.

To explore this issue, in this study, we utilized p53 knockout mice,[@bib5] in which targeted germline disruption of the p53 gene results in the absence of p53 in all tissues of the mouse throughout development and in adulthood to develop therapeutic strategies for tumors with p53 deficiency ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B). Our results suggest that inhibition of 19S proteasome deubiquitinating activity could provide a general strategy for preventing p53 deficiency in a wide range of malignancies through the constitutive photomorphogenesis 9 (COP9) signalosome subunit 5 (COPS5) deubiquitilation and p53-dependent and -independent regulation mechanism by ubiquitin-specific peptidase 14 (USP14).

Results {#sec2}
=======

Inhibition of Proteasome Deubiquitinating Activity Leads to Tumor Regression *In Vivo* {#sec2.1}
--------------------------------------------------------------------------------------

Adult *p53*^*−/−*^ mice succumb to cancer death mostly by developing lymphomas at an early age (between 4 and 6 months), and heterozygous *p53*^+/−^ mice have an increased lifespan and in addition to malignant lymphomas of thymus (MLT), also develop sarcomas (including osteosarcoma \[OSA\] and soft tissue sarcoma \[STS\]) and to a much lesser extent, carcinomas ([Figure 1](#fig1){ref-type="fig"}A).Figure 1IU1 Treatment Resulted in Durable Tumor Regressions in p53-Deficient Mice(A) Kaplan-Meier survival analysis was used to evaluate the treatment effect of IU1 in wild-type (WT), heterozygous *p53*^+/−^ mice, and homozygous *p53*^−/−^ mice for OS. (B--E) The effect of IU1 in WT, heterozygous *p53*^+/−^ mice, and homozygous *p53*^−/−^ mice on the whole body (B), time to detected tumor (C), tumor volume (D and E). Ctrl, control; Mock, mice without treatment; ND, not detected. Data shown are the mean ± SD. Statistical analyses were performed with one-way ANOVA (\*p \< 0.05 and \*\*p \< 0.01 versus control).

We previously found that an USP14 inhibitor IU1 induced tumor cell apoptosis and inhibits tumor growth *in vitro* (unpublished data). Here, we investigated the effect of IU1 on tumor growth in the *p53* deficiency model *in vivo*. We administered IU1 to C57BL/6J mice, with or without p53 deficiency ([Figure S1](#mmc1){ref-type="supplementary-material"}C). We observed an obviously prolonged overall survival (OS) in *p53*^+/−^ and *p53*^−/−^ mice with IU1 administration ([Figure 1](#fig1){ref-type="fig"}A). Weight from control mice significantly decreased. In contrast, IU1-treated mice showed normal body weight ([Figure 1](#fig1){ref-type="fig"}B) and main organs' weights (e.g., liver and lung) ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E). Delayed onset of an observable tumor ([Figure 1](#fig1){ref-type="fig"}C) and tumor regression ([Figures 1](#fig1){ref-type="fig"}D and 1E) was shown in IU1-treated mice compared to the mice in the vehicle-treated group.

With the comparison of the treatment effect of IU1 on the main type of cancer in p53-deficient mice, including MLT, STS, and OSA ([Figures 2](#fig2){ref-type="fig"}A--2C), we verified that the number of mice with MLT obviously decreased in heterozygous *p53*^+/−^ mice, and the number of mice with OSA decreased in homozygous *p53*^−/−^ mice ([Figures 2](#fig2){ref-type="fig"}D and 2E).Figure 2X-Ray, Micro-CT, and MRI Analysis and Type of Primary Tumors in *p53*-Deficient Mice(A--C) X-Ray, micro-CT, and MRI analysis of MLT (A), STS (B), and OSA (C) in *p53*-deficient mice. (D) The effect of IU1 in WT, heterozygous *p53*^+/−^ mice, and homozygous *p53*^−/−^ mice on the number of types of cancer. (E) The number of mice with MLT or OSA in *p53*^+/−^ and *p53*^−/−^ mice. Ctrl, control; MLT, malignant lymphomas of thymus; Mock, mice without treatment; NA, not applicable; OSA, osteosarcoma; STS, soft tissue sarcoma; WT, wild-type.

The tissue morphology from IU1-treated mice was restored, which were malignant phenotypes in the control group ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2C). The mitotic index ([Figure S2](#mmc1){ref-type="supplementary-material"}D) and Ki-67-positive cells ([Figure S3](#mmc1){ref-type="supplementary-material"}A) from IU1-treated mice decreased. Apoptotic ([Figure S3](#mmc1){ref-type="supplementary-material"}B) and senescent cells ([Figure S3](#mmc1){ref-type="supplementary-material"}C) significantly increased, which suggests the mechanisms of tumor inhibition by IU1.

We assessed the p53 levels in response to IU1. In comparison to the control, treatment with IU1 significantly increased the protein levels of p53 ([Figure S3](#mmc1){ref-type="supplementary-material"}D).

Treatment of IU1 Induced Cell Growth Arrest, Apoptosis, and Senescence *In Vivo* and *In Vitro* {#sec2.2}
-----------------------------------------------------------------------------------------------

Recent studies indicate that deubiquitinating enzymes (DUBs) play a pivotal role in the regulation of the cell cycle.[@bib6] We found that IU1 induced significant G2/M-phase growth arrest ([Figures 3](#fig3){ref-type="fig"}A--3C). In accordance with these findings, IU1 treatment decreased G2/M-phase cell-cycle regulatory proteins' cell-division cycle 25C (CDC25C) and its downstream protein CDC2, as well as cyclin B1 ([Figure 3](#fig3){ref-type="fig"}A). We also examined the effect of IU1 on G1/S-phase marker proteins, including cyclin E1, cyclin D1, and p21. Results showed that IU1 induced p21 without any significant change in cyclin D1 ([Figure 3](#fig3){ref-type="fig"}A).Figure 3The Effect of IU1 on the p53-Dependent Regulation Mechanism by USP14(A) Western blotting was used to measure the protein level of cell-cycle-, senescent-, and apoptosis-associated markers in heterozygous *p53*^+/−^ mice. (B and C) The effect of IU1 in heterozygous *p53*^+/−^ mice on cell cycle (B) and distribution (C) was analyzed by flow cytometry. (D) U2OS and WEH1-231 cells were incubated with 0, 0.2, and 0.4 μΜ IU1 for 24 h, as indicated. Bar graphs (mean ± SD) show percentage of Annexin V (AnxV)^+^ or AnxV^+^/propidium iodide (PI)^+^ cells and were derived from three independent experiments. (E) Protein levels of cleaved PARP1 were detected by immunoblotting. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is useful as protein loading control. (F) Viability of U2OS and WEH1-231 cells was measured after the cells were treated with 0, 0.2, and 0.4 μΜ IU1 for 24 h. (G) qRT-PCR was used to validate the effect of overexpression or knockdown of USP14. (H and I) Bar graphs (mean ± SD) show percentage of AnxV^+^ or AnxV^+^/PI^+^ cells before and after USP14 knockdown (H) or overexpression (I). (J) Viability of U2OS and WEH1-231 cells was measured before and after USP14 knockdown or overexpression. (K--M) Western blotting was used to quantify USP14, p53, and p53 target protein level in U2OS and WEH1-231 cells treated with IU1 (K), USP14 knockdown (L), and overexpression (M). Data shown are the mean ± SD. Statistical analyses were performed with one-way ANOVA (\*p \< 0.05 and \*\*p \< 0.01 versus control).

Recent work has led to the identification of a number of proteins whose expression is increased in senescent preneoplastic lesions,[@bib7] which include the cyclin-dependent kinase (cdk) inhibitors p15-Ink4b and p16-Ink4a, as well as decoy receptor 2 (DcR2). We examined their expression in different types of cancer derived from *p53*^+/−^ mice, with or without IU1 treatment ([Figure 3](#fig3){ref-type="fig"}A). The OSA from *p53*^+/−^ mice induced expression of p15-Ink4b, p16-Ink4a, and DcR2 ([Figure 3](#fig3){ref-type="fig"}A).

We next examined whether cell apoptosis markers (c-casp-3, BAX, and BCL-2) are similarly induced by p53 restoration in *p53*^+/−^ mice *in vivo*. We observed that the proapoptotic effects of IU1 in MLT from *p53*^−/−^ mice were p53 dependent but weakly exhibited in OSA from *p53*^+/−^ mice ([Figure 3](#fig3){ref-type="fig"}A), suggesting that IU1 inhibits tumor growth *in vivo*, and different molecular mechanisms are involved in different tumor subtypes with p53 deficiency.

Consistent with the data obtained from *p53*^+/−^ mice, we noted significant Annexin V positivity and poly(ADP-ribose) polymerase 1 (PARP1) cleavage in primary malignant cells treated with IU1 by 12 h ([Figure 3](#fig3){ref-type="fig"}), with \>35% undergoing total loss of viability at a concentration of 0.4 μM ([Figure 3](#fig3){ref-type="fig"}F).

To investigate the biological role of USP14 in tumor progression, we performed loss- and gain-of-function studies using the U2OS and WEH1-231 cells that moderately expressed p53 and USP14 as models to generate stable USP14 knockdown or overexpression cell lines ([Figure 3](#fig3){ref-type="fig"}G). Knockdown of USP14 induced cell apoptosis ([Figure 3](#fig3){ref-type="fig"}H) and decreased cell viability ([Figure 3](#fig3){ref-type="fig"}J); in contrast, overexpression of USP14 significantly inhibited cell apoptosis ([Figure 3](#fig3){ref-type="fig"}I) and increase cell viability ([Figure 3](#fig3){ref-type="fig"}J).

Inhibition of USP14 activity by IU1 restored the p53 protein level and function that lead to upregulation of downstream effectors p21, p15, beclin-1, and cleaved caspase 3 ([Figure 3](#fig3){ref-type="fig"}K). Knockdown of USP14 led to similar results ([Figure 3](#fig3){ref-type="fig"}L); on the contrary, overexpression of USP14 significantly reduced the p53 protein level and downstream effectors ([Figure 3](#fig3){ref-type="fig"}M), suggesting the regulatory role of USP14 for p53 protein and its downstream effectors.

IU1 Induces Ubiquitination and Degradation of COPS5 {#sec2.3}
---------------------------------------------------

Deubiquitination enzymes interact with and then deubiquitinate substrates to inhibit their protein degradation by a ubiquitination pathway through the 26S proteasome.[@bib8] We explored the candidate-interacting proteins and potential substrates of USP14 through mass spectrometry after immunoprecipitation. In addition to several previously well-defined proteasome regulatory proteins, including non-ATPase 13 (RPN13),[@bib9] RPN10, proteasome 26S subunit, ATPase 1 (PSMC1),[@bib10] PSMA4, and PSMD1,[@bib11] COPS5, a critical negative regulator, was identified as an interacting partner of USP14 ([Figure 4](#fig4){ref-type="fig"}A).Figure 4IU1 Inhibits USP14 Deubiquitinating Activity to Upregulate p53 through COPS5(A) Coimmunoprecipitation (coIP) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to screen the candidate of USP14-interacting proteins. (B) Western blotting was used to quantify COPS5 protein level in U2OS and WEH1-231 cells after IU1 treatment, USP14 knockdown, or overexpression. (C) Western blotting was used to quantify COPS5 protein level in OSA, STS, and MLT tissues from *p53*^+/−^ mice. (D and E) Immunoprecipitation analysis by either anti-HA (D) or anti-Flag antibody (E) after HA-COPS5, together with Flag-USP14 expression plasmid, was cotransfected in 293T cells. (F) COPS5 ubiquitination level was detected *in vitro* in 293T cells after USP14 overexpression or treatment with MG-132. (G--I) p53, p21, and BAX protein level was detected *in vitro* in U2OS and WEH1-231 cells after USP14 overexpression and COPS5 knockdown (G), COPS5 knockdown with IU1 treatment (H), or USP14 knockdown and COPS5 overexpression (I). (J) Bar graphs (mean ± SD) show percentage of AnxV^+^ cells treated with DMSO (Ctrl), IU1 treatment, knockdown, and overexpression of USP14 or COPS5. (K) Viability was measured in U2OS and WEH1-231 cells treated with DMSO (Ctrl), IU1 treatment, knockdown, and overexpression of USP14 or COPS5. (L and M) Expression and association of p53, USP14, and COPS5 in primary tumor tissues from *p53*^+/−^ mice treated with DMSO (L; Ctrl, n = 26) or IU1 (M; n = 27).

USP14 significantly upregulated COPS5 protein but did not upregulate other interacting protein candidates, including RPN13, RPN10, PSMC1, and PSMA4 ([Figure 4](#fig4){ref-type="fig"}B); in contrast, knockdown of USP14 or treatment with IU1 significantly decreased the COPS5 protein level ([Figure 4](#fig4){ref-type="fig"}B). Treatment with IU1 significantly decreased the COPS5 protein level in *p53*^+/−^ mice ([Figure 4](#fig4){ref-type="fig"}C).

Immunoprecipitation analysis by either anti-hemagglutinin (HA) ([Figure 4](#fig4){ref-type="fig"}D) or anti-Flag antibody ([Figure 4](#fig4){ref-type="fig"}E) confirmed that USP14 associated with COPS5 in 293T cells when both proteins were overexpressed. We also demonstrated that endogenous USP14 interacts with endogenous COPS5 in U2OS cells.

Moreover, USP14 overexpression significantly decreased COPS5 ubiquitination level; in contrast, knockdown of USP14 significantly increased ubiquitination of COPS5 *in vitro* ([Figure 4](#fig4){ref-type="fig"}F).

Inhibition of USP14 Resulted in Durable Tumor Regression through a COPS5-Induced and p53-Dependent Regulation Mechanism in *p53*^+/−^ Mice {#sec2.4}
------------------------------------------------------------------------------------------------------------------------------------------

COPS5 mediated degradation of proteins by factors, such as tumor suppressor p53 and cell-cycle inhibitor p27,[@bib12] to enhance cell proliferation. Thus, it is possible that IU1 acts as an anti-tumor inhibitor in tumors with p53 deficiency by inducing degradation of p53 and p27 through the COPS5 pathway. Our results showed that knockdown of COPS5 rescued p53 and the downstream p21 and BAX protein level, induced by USP14 overexpression ([Figure 4](#fig4){ref-type="fig"}G). Similarly, IU1 treatment ([Figure 4](#fig4){ref-type="fig"}H) or knockdown of USP14 ([Figure 4](#fig4){ref-type="fig"}I) rescued the p53 protein, induced by COPS5 overexpression, and enhanced the protein levels of p53 downstream target genes p21 and BAX.

COPS5 overexpression rescued cell apoptosis induced by IU1 treatment ([Figure 4](#fig4){ref-type="fig"}J) and enhanced cell viability ([Figure 4](#fig4){ref-type="fig"}K). Similarly, COPS5 overexpression rescued cell apoptosis and viability induced by knockdown of USP14 ([Figures 4](#fig4){ref-type="fig"}J and 4K); in contrast, COPS5 knockdown induced significant cell apoptosis and reduced cell viability, even when USP14 was overexpressed ([Figures 4](#fig4){ref-type="fig"}J and 4K).

The COPS5 protein level significantly increased in various types of tumors in *p53*^+/−^ mice ([Figure 4](#fig4){ref-type="fig"}L) and decreased after treatment of IU1, and the changes in the COPS5 protein level showed a remarkable negative correlation with the p53 protein level ([Figure 4](#fig4){ref-type="fig"}M).

Inhibition of USP14 Resulted in Durable Tumor Regression through p53-Independent Regulation Mechanism in *p53*^−/−^ Mice {#sec2.5}
------------------------------------------------------------------------------------------------------------------------

We further investigated the tumor inhibition mechanism of IU1 through the p53-independent regulation mechanism by USP14 in *p53*^−/−^ mice.

The COPS5 protein level significantly increased in various types of tumors in *p53*^−/−^ mice ([Figure 5](#fig5){ref-type="fig"}A) and decreased after treatment of IU1, and the changes in COPS5 protein level showed a remarkable negative correlation with the USP14 protein level ([Figure 5](#fig5){ref-type="fig"}B).Figure 5Effect of IU1 on COPS5-Induced Downstream Effectors *In Vivo* and *In Vitro*(A and B) Expression and association of p53, USP14, and COPS5 in primary tumor tissues from *p53*^−/−^ mice treated with DMSO (A; Ctrl, n = 28) or IU1 (B; n = 28). (C) Western blotting was used to measure the protein level of USP14, COPS5, and COPS5 downstream effectors in homozygous *p53*^−/−^ mice. (D--F) Western blotting was used to measure the protein levels of USP14, COPS5, and COPS5 downstream effectors in PCOC and MTLTC cells with treatment of IU1 (D), knockdown (E), or overexpression (F) of USP14. (G--I) Bar graphs (mean ± SD) show percentage of AnxV^+^ cells treated with IU1 treatment with or without COPS5 overexpression (G), USP14 knockdown with or without COPS5 overexpression (H), and USP14 overexpression with or without COPS5 knockdown (I). (J--L) Viability was measured in PCOC and MTLTC cells treated with IU1 treatment with or without COPS5 overexpression (J), USP14 knockdown with or without COPS5 overexpression (K), and USP14 overexpression with or without COPS5 knockdown (L). Data shown are the mean ± SD. Statistical analyses were performed with one-way ANOVA (\*p \< 0.05 and \*\*p \< 0.01 versus control).

IU1 treatment in *p53*^−/−^ mice resulted in tumor regression ([Figure 1](#fig1){ref-type="fig"}), increased apoptosis, induced cell senescence, inhibited cell proliferation, and the transition of cell cycle ([Figure 3](#fig3){ref-type="fig"}) that could be attributed to COPS5 substrates, including proto-oncogene activator protein 1 (AP-1), E2F transcription factor 1 (E2F1), cell-cycle inhibitor p27, and cyclin E1 ([Figure 5](#fig5){ref-type="fig"}C).

Overexpression of USP14 restored COPS5 protein level and led to an upregulation of downstream effectors AP-1 and E2F1 and reduced p27 and cyclin E1 levels ([Figure 5](#fig5){ref-type="fig"}D); in contrast, knockdown of USP14 ([Figure 5](#fig5){ref-type="fig"}E) or inhibition of USP14 activity by IU1 ([Figure 5](#fig5){ref-type="fig"}F) reduced COPS5 protein level and led to downregulation of downstream effectors AP-1 and E2F1 and induced p27 and cyclin E1 levels in primary cultured osteosarcoma cells (PCOCs) and murine thymic lymphoma T cell (MTLTC) lines from *p53*^−/−^ mice.

COPS5 overexpression rescued cell apoptosis induced by IU1 treatment ([Figure 5](#fig5){ref-type="fig"}G) and enhanced cell viability ([Figure 5](#fig5){ref-type="fig"}J). Similarly, COPS5 overexpression rescued cell apoptosis ([Figure 5](#fig5){ref-type="fig"}H) and enhanced viability ([Figure 5](#fig5){ref-type="fig"}K), induced by knockdown of USP14; in contrast, COPS5 knockdown induced significant cell apoptosis ([Figure 5](#fig5){ref-type="fig"}I) and reduced cell viability ([Figure 5](#fig5){ref-type="fig"}L), even when USP14 was overexpressed.

Thus, our results suggested that IU1 treatment rescued p53 protein level and blocked p53 ubiquitination degradation induced by USP14-dependent COPS5 deubiquitilation and regulation for p53 and other transcription factors. Given that IU1 is already under clinical evaluation in advanced solid malignancies,[@bib13] the translation of our preclinical findings could be fast tracked into the clinic for individuals with p53 expression and functional deficiency.

Discussion {#sec3}
==========

Cancer is associated with evading apoptosis and uncontrolled cell cycle and development of apoptosis resistance and insensitivity to anti-growth signal in cancer cells, which are significant contributing factors to the failure of cancer therapies.[@bib14], [@bib15], [@bib16] Thus, induction of apoptosis and control of cell-cycle progression would be ideal strategies for effective cancer therapy.[@bib17], [@bib18], [@bib19], [@bib20] One promising approach to achieving this is the modulation of p53 or the components of the p53 signaling pathways.[@bib21], [@bib22], [@bib23], [@bib24] The p53 protein acts biochemically as a transcription factor and biologically as a tumor suppressor, exemplified by the fact that many cancers selectively inactivate p53 and/or the p53 pathway.[@bib25], [@bib26], [@bib27] Loss of p53 functions accelerates tumorigenesis compared to mice expressing at least one wild-type Trp53 allele.[@bib1]^,^[@bib26]^,^[@bib28]^,^[@bib29]

In some cancer cells that bear a wild-type p53, p53 is nonfunctional, either by being excluded from the nucleus where p53 acts as a transcription factor or by being targeted for degradation by E3 ubiquitin ligase, including Mdm2 and COPS5.[@bib4]^,^[@bib30], [@bib31], [@bib32], [@bib33] COPS5, also known as Jab1 or CSN5, is implicated in regulating p53 activity and is overexpressed in various tumors.[@bib34] However, the precise roles of COPS5 in the p53 network and in tumorigenesis are not well characterized.

In order to develop therapeutic strategies for tumors with p53 deficiency *in vivo*, we have utilized a mouse strain carrying a germline disruption of the gene, which eliminates synthesis of the p53 protein and is highly predisposed to malignancy. We show that USP14, a DUB associated with the proteasome in mammalian cells and reversibly associated with the 19S regulatory particle, can deubiquitilate and upregulate COPS5 to promote its nuclear transport. COPS5 was found to interact with p53, and COPS5 expression leads to p53 degradation, facilitating Mdm2-mediated p53 ubiquitination and promoting p53 nuclear export. Additionally, COPS5 can antagonize the transcriptional activity of p53, which demonstrates that USP14 is a pivotal regulator for COPS5 and p53. Thus, our studies may pave the way for targeting USP14 for anti-cancer drug development.

To restore wild-type p53 conformation in p53-deficient cancer cells, a small molecule compound, 19S regulatory particle inhibitor IU1, was utilized. IU1 specifically and selectively blocks USP14 deubiquitilating activity without inhibiting proteasome activity and can block growth and induce apoptosis. It shows antitumor activity of b-AP15, a novel, small molecule inhibitor of deubiquitilating enzyme USP14 and ubiquitin carboxyl-terminal hydrolase isozyme L5 (UCHL5), in a number of tumor models, including multiple myeloma, and it overcomes bortezomib resistance.[@bib35] Tumor cells are rapidly committed to apoptosis/cell death after exposure to IU1 through binding to USP14 and react with intracellular nucleophiles, such as cysteine thiolates, to inhibit proteasome function. Thus, IU1 targets the proteasome-associated USP14 and inhibits its activities, resulting in a rapid accumulation of protein-ubiquitin conjugates but without inhibiting the proteolytic activities of 20S proteasomes.[@bib36]

Our previous results showed that IU1 exhibits cytotoxic effects against various cancer cell lines *in vitro*, selectively kills cancer cells from hepatocellular carcinoma (HCC) patients *ex vivo*, and efficiently inhibits the growth of non-small cell lung carcinoma xenografts in nude mice.[@bib37] In the current study, *in vivo* studies show that IU1 is well tolerated, inhibits tumor growth, and prolongs survival. Moreover, IU1 induces cell-cycle arrest, decreases viability, and induces apoptosis in cultured cell lines and patient-derived primary cells.

The 26S proteasome complex, which degrades ubiquitinated proteins, contains the 20S core particle and a 19S regulatory particle necessary for binding protein substrates.[@bib38], [@bib39], [@bib40], [@bib41], [@bib42] The mammalian 19S cap contains three DUBs that unfold and deubiquitinate proteins prior to their entry into the proteasomal core.[@bib43], [@bib44], [@bib45], [@bib46], [@bib47] Of the three, USP14 and UCHL5 reversibly associate with the proteasome through scaffolding proteins RPN1 and RPN13, respectively.[@bib48] Suppression of either DUB or scaffolding protein individually via RNA interference partly upregulates proteasomal catalytic activity and accumulation of polyubiquitinated proteins.[@bib49], [@bib50], [@bib51], [@bib52], [@bib53] The combined inhibition of both UCHL5 and USP14 results in lethality, indicates their nonredundancy, and suggests their role in maintaining cancer cell survival, which partly explains the finding that b-AP15, which selectively disrupts both USP14 and UCHL5 activity, was shown to significantly increase cancer cell apoptosis *in vitro* and to inhibit tumor progression, as well as exhibit robust antitumor activity.[@bib54], [@bib55], [@bib56]

Anti-cancer activity of IU1 is associated with growth arrest through inhibition of deubiquitilating activity of USP14, downregulation of COPS5, and upregulation of p53-dependent p21, p15, and beclin-1 and p53-independent COPS5 downstream effects AP-1, E2F1, p27, and cyclin E1, as well as induction of caspase-dependent apoptosis. Additionally, the effects of IU1 were shown to be independent of p53 status, as well as the expression of BCL-2, both of which can influence the response to bortezomib therapy.

Conclusions {#sec3.1}
-----------

Our preclinical data, showing efficacy of USP14 in p53-deficient disease models, validates targeting DUBs in the ubiquitin proteasomal cascade and provides the new anticancer drug target and framework for clinical evaluation of the USP14 inhibitor to improve outcome for patients with p53 deficiency.

Methods {#sec4}
=======

Animal Studies {#sec4.1}
--------------

All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) guidelines at Tongji University School of Medicine (SYDW-19-215). Experiments were performed in 9-month-old wild-type and *p53*^+/−^ mice and 3-month-old *p53*^−/−^ mice. Genomic DNA from tail biopsies was genotyped by polymerase chain reaction (PCR).[@bib57] IU1 (5 mg/kg) was administered intraperitoneally (i.p.) weekly for the number of days indicated.[@bib58] All mice were monitored by X-ray, magnetic resonance imaging (MRI), or micro-computed tomography (CT) diagnosis for tumor phenotypes, three times a week.[@bib59] [Supplemental Methods](#mmc1){ref-type="supplementary-material"} contains detailed information.

Cell Treatments {#sec4.2}
---------------

HEK293T, U2OS, and WEH1-231 cells were cultured in DMEM media and supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin for viability, flow cytometry, immunofluorescence, immunoprecipitation, and functional analysis. Derivation of MTLTC lines and primary cultured osteosarcoma cell (PCOC) lines was obtained from *p53*^−/−^ mice and cultured.[@bib60]^,^[@bib61]

Plasmid Construction and Transfection {#sec4.3}
-------------------------------------

Gene overexpression was performed using the pMSCV retroviral plasmid.[@bib62] Knockdown cell lines were generated using short hairpin RNAs and retroviral transduction.[@bib63] All constructs were confirmed by PCR and Sanger sequencing. The transfected cells were harvested at 48 h post-transfection for further assays.

RNA Isolation, cDNA Synthesis, and qRT-PCR {#sec4.4}
------------------------------------------

RNA was isolated using TRIzol reagent. qPCR was conducted using the TaqMan Universal PCR Kit (Life Technologies, Carlsbad, CA, USA).

Immunoprecipitation and Immunoblotting {#sec4.5}
--------------------------------------

Cells were pretreated with MG132 or IU1 for the indicated time periods. Immunoprecipitations were performed using the indicated primary antibody and protein A/G agarose beads. For immunoblotting, total proteins were extracted from cells following the standard protocol.[@bib64]

Histology and Immunohistochemistry (IHC) Analysis {#sec4.6}
-------------------------------------------------

Standard IHC and H&E staining were used to evaluate protein expression levels in tumor samples.[@bib65] Tissues from mice were flushed and fixed in 4% formaldehyde in PBS for 24 h. Samples were then dehydrated and embedded in paraffin, sectioned at 5 μM, and processed for H&E staining. Serial sections were stained in parallel with the primary antibody replaced by PBS as controls.

Mass Spectrometry {#sec4.7}
-----------------

Pellets of U2OS cell expressing Flag-UCH37 from two, 150-mm plates were lysed, and digestion with trypsin was performed for liquid chromatography-tandem mass spectrometry analysis.[@bib66]

Statistical Analysis {#sec4.8}
--------------------

Data were expressed as mean ± SD. Categorical data were reported as numbers and percentages. Statistical significance was assessed by Student's t test or one-way ANOVA with Tukey test using the SPSS 20.0 software program or Prism 6.0 GraphPad. The level of significance was set as p \<0.05.
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